The human public T cell response to a dominant CMV epitope features high clonal diversity. Results: Structures of two public TCRs bound to this CMV epitope and HLA-A2 reveal different recognition strategies. Conclusion: These structures show how the same public complementarity-determining region 3␣ (CDR3␣) motif can associate with different variable ␣ regions and pair with different CDR3␤s. Significance: This structural interchangeability generates a clonally diverse public TCR repertoire.
Human cytomegalovirus (CMV) 3 is a ubiquitous herpesvirus that infects 60 -90% of the world population. Although CMV infections are usually kept in check by the immune system of immunocompetent individuals, they can cause life-threatening diseases in immunocompromised patients and are a major health concern in patients undergoing bone marrow transplantation (1, 2) . In addition, congenital CMV infection is the most common cause of infectious complications in newborns, resulting in deafness and other developmental abnormalities (3) . CD8 ϩ cytotoxic T lymphocytes (CTLs) play a vital role in controlling CMV infection in humans (4 -6) . The dominant CTL response is directed against the CMV tegument protein pp65 (6) . Individuals expressing the widely distributed major histocompatibility complex (MHC) class I molecule HLA-A*0201 (HLA-A2) produce CMV-specific CTLs bearing T cell receptors (TCRs) that mainly recognize an epitope corresponding to residues 495-503 of pp65 (NLVPMVATV; herein referred to as NLV) (6, 7) .
TCRs bind peptide-MHC (pMHC) via their six complementarity-determining region (CDR) loops, three from the variable ␣ (V␣) domain and three from V␤. The first and second CDRs (CDR1 and CDR2) are encoded within the TCR V␣ and V␤ gene segments; CDR3 is formed by DNA recombination involving juxtaposition of V␣ and J␣ segments for the ␣ chain genes and of V␤, D, and J␤ segments for the ␤ chain genes. Direct in vivo estimates of TCR diversity in humans have placed the number of unique structures at Ͼ2.5 ϫ 10 7 (8) .
Recent advances in high-throughput DNA sequencing (next generation sequencing) have revolutionized the study of human TCR repertoires in response to infection with CMV, human immunodeficiency virus (HIV), and other viruses (9 -11) . In addition, new strategies have been developed for concurrent characterization of the CDR3 sequences of TCR ␣ and ␤ chains in epitope-specific CD8 ϩ T cells through simultaneous amplification of CDR3␣ and CDR3␤ transcripts from single cells (12) (13) (14) . Because CDR3 loops interact specifically with the MHC-bound antigenic peptide (15) , CDR3 sequences serve as unique markers for clonal expansion after T cell activation. Together, high-throughput sequencing and single-cell analysis have greatly improved our understanding of the breadth of virus-specific T cell responses and the degree of overlap of TCR repertoires among individuals. Thus, studies of CD8 ϩ T cell responses to infection with CMV and influenza virus have revealed highly diverse TCR repertoires directed against immunodominant epitopes, such as the CMV NLV peptide, accompanied by antigen-driven selection of high avidity T cell clones that presumably eliminate infected cells more rapidly (12, 13, 16, 17) . However, clonal focusing does not appear to result in overall repertoire narrowing, suggesting a strategy to optimize CTL responses while safeguarding TCR structural diversity (18) . This diversity assures protection from viral escape (19) and the provision of a wide range of avidities that fulfill requirements for functional heterogeneity (20) .
In most T cells responses, the TCR repertoires elicited by a particular antigenic epitope are distinct between individuals (private T cell response). By contrast, certain other epitopespecific TCR repertoires contain TCRs that are frequently observed in multiple unrelated individuals (public T cell response). Indeed, public TCRs have been described in immune responses to a variety of human viruses, including CMV, HIV, and Epstein-Barr virus (EBV) (21) . In particular, clonotypic analysis of the CMV NLV-specific T cell repertoire has revealed a high prevalence of public TCRs, as manifested by usage of identical, or nearly identical, CDR3␣ and/or CDR3␤ sequences in TCRs from different individuals (12, 13, 16) . Seven public CDR3␣ and six public CDR3␤ motifs have been identified to date, which collectively account for ϳ70% of the total NLVspecific TCR response (12) . These TCRs are characterized by usage of public CDR3␣ motifs alone (ϳ25%), public CDR3␤ motifs alone (ϳ25%), or both public CDR3␣ and public CDR3␤ motifs (ϳ50%) (12) . Therefore, although public CDR3␣ motifs often pair with public CDR3␤ motifs, other pairings are equally common. Moreover, even among TCRs expressing dual public CDR3␣/CDR3␤ motifs the same public CDR3␣ motif may pair with different public CDR3␤ motifs (and vice versa). The association of different V␣ (or V␤) gene segments with the same public CDR3␣ (or CDR3␤) motif increases the diversity of the NLV-specific TCR response even further (12, 13, 16) . These findings reveal the multiplicity of solutions that TCRs can employ to bind the same NLV⅐HLA-A2 ligand. However, the structural principles underlying this remarkable diversity are unclear.
Several structures of public TCRs in complex with pMHC have been reported: TCR JM22 bound to an influenza-derived peptide presented by HLA-A2 (22) , TCRs bound to EBV-de-rived peptides presented by HLA-B8 (23) (24) (25) (26) , and TCR RA14 bound to CMV NLV presented by HLA-A2 (27) . In some cases these studies have identified unusual structural features of the selecting pMHC ligand, such as limited solvent accessibility or bulging of the viral peptide, which may explain the selection of dominant TCRs (22, 23, 26) , whereas in other cases such features are not evident (24, 25, 27) . Here, we have addressed the structural basis for the surprising diversity of the public TCR response to CMV revealed by recent single-cell clonotypic analyses of NLV-specific T cell repertoires (12, 13) . To do so we determined crystal structures of two public TCRs (C7 and C25) in complex with NLV⅐HLA-A2. One of these TCRs (C7) uses the same CDR3␣ motif as RA14 but an unrelated CDR3␤. The other TCR (C25) uses completely different public CDR3␣ and CDR3␤ motifs that, in addition, can associate with multiple V␣ and V␤ regions in NLV-specific T cell repertoires. These structures in conjunction with molecular modeling of other TCR⅐NLV⅐HLA-A2 complexes provide new insights into how public TCRs expressing highly diverse ␣/␤ chain pairs can mediate high affinity recognition of an identical peptide-MHC ligand.
Experimental Procedures
Study Subjects-Two HLA-A2 ϩ healthy male donors (33 and 55 years old) participated in this study. The protocol was approved by the National Institute on Aging Institutional Review Board.
Isolation of CMV NLV-specific CD8 ϩ T Cells-The isolation of CD8 ϩ T cells from peripheral blood was previously described (28) . Briefly, peripheral blood mononuclear cells were isolated from leukapheresis cells by Ficoll gradient centrifugation. CD8 ϩ T cells were isolated from peripheral blood mononuclear cells by immunomagnetic separation using a custom-made antibody mixture (28) and BigMag goat anti-mouse IgG beads (Qiagen). CMV NLV-specific CD8 ϩ T cells were expanded in an artificial antigen presenting system as previously described (29, 30) . Briefly, CD8 ϩ T cells were stimulated with NLV peptide (NLVPMVATV; BioMer Technology) presented by artificial antigen-presenting cells for 14 days (29) . The expanded cells were stained with antigen-presenting cell-and FITC-conjugated NLV Dextramer TM (Immudex). FITC and antigen-presenting cell double-positive cells were sorted by flow cytometry.
Identification of Paired TCR Chains on the Single-cell Level-Single CMV NLV-specific CD8 ϩ T cells were sorted into a 384well plate containing 5 l of lysis buffer from an Invitrogen CellsDirect One-Step qRT-PCR kit (Life Technologies). The plate was centrifuged for 5 min and then heated at 75°C for 10 min immediately after sorting. The cDNA was synthesized in a 10-l reaction system with TCR ␣ and ␤ chain constant region primers, TRA-RT and TRA-BT, and SuperScript III (Life Technologies) at 50°C for 60 min. After that 5 l of cDNA products were used for the first round PCR with HiFi Taq (Life Technologies) and TCR ␣ and ␤ chain variable region primers and constant region interior primers. All forward primers included a sequence (UF) at the 5Ј end that was used as a primer for subsequent rounds of PCR. One microliter of the first round PCR products was used for the second round PCR with UF and either ␣ or ␤ chain constant region interior primers. The final PCR products were column-purified (Qiagen) and sequenced (GeneWiz). The TCR V, J, and CDR3 were identified using IMGT (International ImMunoGeneTics database) V-Quest tools (31) . All primers and PCR program conditions are listed in supplemental Table 1 .
Cloning, Expression, and Purification of NLV-specific TCRs-The identified ␣ and ␤ chain pairs of CMV NLV-specific TCRs C7 and C25 were amplified from single cell PCR products and cloned into the expression vector pET26b (Novagen). Soluble C7 and C25 were prepared by in vitro folding from inclusion bodies produced in Escherichia coli. The gene encoding residues 1-204 of the C7 ␣ chain (or 1-202 of the C25 ␣ chain) was inserted into pET26b. The gene encoding residues 1-244 of the C7 ␤ chain (or 1-246 of the C25 ␤ chain) was cloned into the same vector. To increase yields and stability of TCR ␣␤ heterodimers, we engineered a C␣Cys-158 -C␤Cys-171 interchain disulfide in C7 (or C␣Cys-156 -C␤Cys-173 in C25) (32) using two separate PCR reactions. The first PCR amplified the ␣ or ␤ chain from CDR1 to the mutated cysteine, and the second PCR amplified the remainder of the constant region. To facilitate cloning into pET26b, restriction enzyme sites NdeI/EagI and NdeI/SpeI were introduced in the first PCR of ␣ and ␤ chains, respectively. Restriction sites EagI/XhoI and SpeI/XhoI were introduced in the second PCR of ␣ and ␤ chains, respectively. All primers used for vector cloning are listed in supplemental Table 2 .
The mutated TCR ␣ and ␤ chains were expressed separately as inclusion bodies in BL21(DE3) E. coli cells (Agilent Technologies). Bacteria were grown at 37°C in LB medium to A 600 ϭ 0.6 -0.8 and induced with 1 mM isopropyl-␤-D-thiogalactoside. After incubation for 3 h, the bacteria were harvested by centrifugation and resuspended in 50 mM Tris-HCl (pH 8.0) containing 0.1 M NaCl and 2 mM EDTA; cells were disrupted by sonication. Inclusion bodies were washed extensively with 50 mM Tris-HCl (pH 8.0) and 5% (v/v) Triton X-100. Inclusion bodies were dissolved in 8 M urea, 50 mM Tris-HCl (pH 8.0), 10 mM EDTA, and 10 mM DTT overnight. The mixture was spun at 50,000 ϫ g for 40 min, and the supernatant was retained. For in vitro folding, the TCR ␣ and ␤ chains were mixed in a 1.2:1 molar ratio for 30 min before dilution into ice-cold folding buffer containing 5 M urea, 0.4 M L-arginine-HCl, 100 mM Tris-HCl (pH 8.0), 5 mM EDTA, 3.7 mM cystamine, and 6.6 mM cysteamine to a final protein concentration of 80 mg/liter. The folding mixture was dialyzed against distilled H 2 O for 48 h at 4°C, then against 10 mM Tris-HCl (pH 8.0) for 24 h. The mixture was concentrated 20-fold and dialyzed against 25 mM Tris-HCl (pH 8.0). Disulfide-linked TCR C7 or C25 heterodimers were purified using sequential Superdex 200 GL and Mono Q FPLC columns (GE Healthcare).
Production of NLV⅐HLA-A2-Soluble HLA-A2 loaded with NLV peptide (NLVPMVATV) (GenScript) was prepared by in vitro folding. The HLA-A*0201 heavy chain (residues 1-275) and ␤ 2 -microglobulin (residues 1-99) were produced separately as inclusion bodies in BL21(DE3) E. coli cells transformed by pET26b containing the corresponding genes. Inclusion bodies, prepared as described above, were dissolved in 8 M urea, 50 mM Tris-HCl (pH 8.0), 10 mM EDTA, and 10 mM DTT. For in vitro folding, the HLA-A*0201 heavy chain, ␤ 2 -microglobulin and NLV peptide were mixed in a 1:2:10 molar ratio and diluted into a folding solution containing 5 M urea, 0.4 M L-arginine-HCl, 100 mM Tris-HCl (pH 8.0), 5 mM EDTA, 3.7 mM cystamine, and 6.6 mM cysteamine. After 72 h at 4°C, the folding mixture was concentrated 20-fold and dialyzed against 25 mM Tris-HCl (pH 8.0). Correctly folded NLV⅐HLA-A2 was purified using sequential HiTrapQ, Superdex 200 GL, and Mono Q columns.
Crystallization and Data Collection-For crystallization, TCRs C7 and C25 were each mixed with NLV⅐HLA-A2 in a 1:1 molar ratio and concentrated to 10 mg/ml. Crystals of the C7⅐NLV⅐HLA-A2 complex grew in 30% (w/v) polyethylene glycol (PEG) 400, 0.1 M Tris-HCl (pH 8.5), and 0.2 M MgCl 2 . For data collection, crystals were transferred to a cryoprotectant solution of mother liquor containing 35% (w/v) PEG 400 before flash-cooling in a nitrogen stream. The C25⅐NLV⅐HLA-A2 complex crystallized in 10 -15% (w/v) PEG 3000, 0.1 M imidazole (pH 8.0), and 0.2 M calcium acetate. Crystals were cryoprotected with 30% (v/v) glycerol and flash-cooled. X-ray diffraction data for the C7⅐NLV⅐HLA-A2 and C25⅐NLV⅐HLA-A2 complexes were collected at beamline 22ID of the Advanced Photon Source, Argonne National Laboratory with a MAR 300 CCD detector. Diffraction data were indexed, integrated, and scaled with the program HKL2000 (33) . Data collection statistics are presented in Table 1 .
Structure Determination and Refinement-The structures of the C7⅐NLV⅐HLA-A2 and C25⅐NLV⅐HLA-A2 complexes were solved by molecular replacement with the program Phaser (34) . For the C7⅐NLV⅐HLA-A2 complex, a gliadin-specific TCR (PDB accession code 4OZF) (35) , and NLV⅐HLA-A2 (PDB accession code 3GSN) (27) were used as search models with CDRs and the peptide removed, respectively. Three complex molecules in the asymmetric unit were located first; the fourth was found according to non-crystallographic symmetry. Structure refinement was performed using Phenix (36) followed by manual model building with Coot (37) based on 2F o Ϫ F c and F o Ϫ F c maps with NLV peptide omitted in the initial refinement. The final R work and R free values for the C7⅐NLV⅐HLA-A2 complex are 27.0% and 35.5%, respectively. Refinement statistics are summarized in Table 1 .
For the C25⅐NLV⅐HLA-A2 complex, two NLV⅐HLA-A2 and one C25 were immediately found using NLV⅐HLA-A2 (PDB accession code 3GSO) (27) and TCR LC13 (PDB accession code 1MI5) (23) as search models. Another C25 TCR was located in a different asymmetric unit. A new search model was generated by deleting that TCR and placing a TCR opposite the located NLV⅐HLA-A2 molecule. Two C25⅐NLV⅐HLA-A2 complexes were then found by Phaser (34) . The NLV peptide and CDRs was omitted in the initial refinement. Rigid body and simulated annealing refinement were performed using Phenix (36) . Rebuilding and modeling were accomplished manually with Coot (37) according to 2F o Ϫ F c and F o Ϫ F c maps. Water molecules were added with a distance cutoff of 3.4 Å. The final R work and R free values for the C25⅐NLV⅐HLA-A2 complex were 20.1% and 25.4%, respectively. Refinement statistics are presented in Table 1 . Stereochemical parameters were evaluated by PROCHECK (38) .
Surface Plasmon Resonance Analysis-The interaction of TCRs C7 and C25 with NLV⅐HLA-A2 was assessed by surface plasmon resonance using a BIAcore T100 biosensor at 25°C. Biotin-tagged NLV⅐HLA-A2 (NIH Tetramer Core Facility) was immobilized on a streptavidin-coated BIAcore SA chip (GE Healthcare) at 1500 -2000 resonance units followed by blocking the remaining streptavidin sites with 20 M biotin solution. An additional flow cell was injected only with free biotin to serve as a blank control. For analysis of TCR binding, solutions containing different concentrations of C7 or C25 were flowed sequentially over the chips immobilized with NLV⅐HLA-A2 and the blank. Injections of TCR were stopped at 30 s after surface plasmon resonance signals reached a plateau. Equilibrium data were fitted with a 1:1 binding model using BIAevaluation 3.1 software to obtain dissociation constants (K D values).
Modeling of TCR⅐NLV⅐HLA-A2 Complexes-Initial structural models of the E4.1 (12) and RA11 (16) TCRs were produced using the Lyra web server (39) . We used the Modeler program (40) to remodel the CDR3␣ for both structures using the shared residues from the C25 CDR3␣ (NNNDMR) as a template. Additionally for RA11, we noted that the Lyra server selected CDR1␣ and CDR2␣ loop templates containing proline residues despite the absence of prolines from these CDRs. Given that proline residues can often impact CDR loop conformations (41), we remodeled these loops for the RA11 TCR, along with CDR3␣, using CDR1␣ and CDR2␣ loops from AS01 (PDB accession code 3O4L) and DMF5 (PDB accession code 3QEU) TCR structures, respectively, as they were homologous in sequence to the RA11 CDRs without containing proline residues.
Docking simulations of E4.1 and RA11 TCR models to NLV⅐HLA-A2 were performed using a previously developed TCR-pMHC docking algorithm, TCRFlexDock (42) . For docking input, TCRs were positioned over the pMHCs as in the original TCRFlexDock study (45°crossing angle, 0°tilt) using the pMHC structure from the C25⅐NLV⅐HLA-A2 complex. Approximately 1000 TCR-pMHC models were generated per docking simulation, which employed a Monte Carlo approach to iteratively sample side chains, rigid-body docking orientation, and backbone conformation of peptide and CDR loops (with additional backbone flexibility for CDR3 loops). Models were ranked using ZRANK2 (43) .
Protein Data Bank Accession Codes-Coordinates and structure factors for the C7⅐NLV⅐HLA-A2 and C25⅐NLV⅐HLA-A2 complexes have been deposited under accession codes and PDB accession codes 5D2L and 5D2N, respectively.
Results
Interaction of TCRs C25 and C7 with NLV⅐HLA-A2-The CMV NLV-specific TCRs C25 and C7 were isolated from CD8 ϩ T cells from the peripheral blood of two HLA-A2 ϩ healthy male donors as described under "Experimental Procedures." C25 utilizes gene segments TRAV26 -2 and TRAJ43 for the ␣ chain, and TRBV7-6, TRBD1, and TRBJ1-4 for the ␤ chain, whereas C7 utilizes TRAV24 and TRAJ49 for the ␣ chain, and TRBV7-2, TRBD2 and TRBJ2-5 for the ␤ chain. We used surface plasmon resonance to measure the binding of TCRs C25 and C7 to HLA-A2 loaded with NLV peptide (Fig. 1, A and C) . To characterize the interaction of C25 and C7 with NLV⅐HLA-A2, we expressed these recombinant proteins by in vitro folding from bacterial inclusion bodies. Biotinylated NLV⅐HLA-A2 was directionally coupled to a streptavidin-coated biosensor surface, and different concentrations of C25 or C7 were flowed sequentially over the immobilized pMHC ligand. Dissociation constants (K D values) were obtained by fitting equilibrium data to a 1:1 binding model. Both C25 (K D ϭ 4.7 M) and C7 (K D ϭ 5.1 M) bound NLV⅐HLA-A2 with affinities at the high end of the range for TCR-pMHC interactions ( Fig. 1B and D) , consistent with the affinities of most anti-microbial MHC class I-restricted TCRs characterized to date (44) . Notably, C25 and C7 each bind NLV⅐HLA-A2 ϳ5-fold more tightly than does TCR RA14 (K D ϭ 28 M) (27) .
Overview of the C25⅐NLV⅐HLA-A2 and C7⅐NLV⅐HLA-A2 Complexes-To understand how TCRs C25 and C7 recognize NLV⅐HLA-A2 and to explain the prevalence of the public CDR3 motifs of C24 and C7 in the T cell response to CMV (12, 13. 16), we determined the structures of the C25⅐NLV⅐HLA-A2 and C7⅐NLV⅐HLA-A2 complexes to 2.1 Å and 3.5 Å resolution, respectively ( Table 1 ; Fig. 2 , A and C). The resolution of the C25⅐NLV⅐HLA-A2 complex is one of the highest reported for TCR-pMHC class I or II complexes, which seldom exceed 2.5 Å (15) . In both the C25⅐NLV⅐HLA-A2 and C7⅐NLV⅐HLA-A2 structures, the interface between TCR and pMHC was in unambiguous electron density for each of the two (C25⅐NLV⅐ HLA-A2) or four (C7⅐NLV⅐HLA-A2) complex molecules in the asymmetric unit of the crystal (Fig. 2, B and D) . The root mean square difference (r.m.s.d.) in ␣-carbon positions for the TCR V␣V␤ and MHC ␣1␣2 modules, including the NLV peptide, was 0.40 Å for the two C25⅐NLV⅐HLA-A2 complexes. The corresponding r.m.s.d. for the four C7⅐NLV⅐HLA-A2 complexes ranged from 0.50 to 0.83 Å. Based on these close similarities, the following descriptions of TCR-pMHC interactions apply to all complex molecules in the asymmetric unit of the C25⅐NLV⅐ HLA-A2 or C7⅐NLV⅐HLA-A2 crystal.
Both C25 and C7 dock symmetrically over NLV⅐HLA-A2 in a canonical diagonal orientation, with crossing angles of TCR to pMHC (45) of 61 o and 29 o , respectively. Upon binding NLV⅐ HLA-A2, C25 and C7 bury 89% (272 Å 2 ) and 86% (314 Å 2 ), respectively, of the peptide solvent-accessible surface. These percentages are at the higher end of the range for TCR-pMHC class I complexes, which varies from 60 to 91% in other structures (15) . Extensive peptide burial, which is also a salient feature of the RA14⅐NLV⅐HLA-A2 complex (27) , enables C25 and C7 to maximize readout of the NLV peptide. However, C25 and C7 recognize NLV in distinct ways, as described below.
As depicted by the footprints of C25 and C7 on the pMHC surface (Fig. 3, A and B) , both TCRs establish contacts with the N-terminal half of the NLV peptide mainly via the CDR1␣ and CDR3␣ loops, whereas the CDR3␤ loop mostly contacts the C-terminal half. C25 utilizes CDR1␣ and CDR2␣ to interact with the HLA-A2 ␣2 helix, whereas all three V␤ CDRs interact with the HLA-A2 ␣1 helix, with the majority of contacts (57 of 74 total) mediated by CDR2␤ (Fig. 3C) . In contrast to C25, C7 interacts with HLA-A2 in a more V␣-dominant fashion such that the V␣ CDRs contribute 74% of interactions with HLA-A2 ( Fig. 3D ). Thus, C25 and C7 engage HLA-A2 through different strategies.
Interaction of TCR C25 with HLA-A2-The C25⅐NLV⅐HLA-A2 complex buries a total solvent-accessible surface of 1857 Å 2 , comparable with that in other TCR-pMHC complexes (15) . The buried surface area on V␤ (516 Å 2 , 60%) is considerably greater than that on V␣ (333 Å 2 , 40%). Such dominance by V␤ is unusual among TCR-pMHC class I complexes, in which V␣ and V␤ typically contribute roughly equal buried surfaces, as in RA14⅐NLV⅐HLA-A2 (V␣: 52%; V␤: 48%) (27) and C7⅐NLV⅐ HLA-A2 (V␣: 55%; V␤: 45%), or in which V␣ dominates (15) . Indeed, only three other TCR-pMHC class I complexes displaying a similar degree of V␤ dominance as C25⅐NLV⅐HLA-A2 have been reported, involving the HLA-A2-restricted TCR JM22 (67%) (22) , the H-2K b -restricted TCR BM3.3 (63%) (46) , and the HLA-E-restricted TCR KK50.4 (61%) (47) . Overall, V␤ makes 69 van der Waals contacts and 5 hydrogen bonds with HLA-A2, compared with only 15 van der Waals contacts and 3 hydrogen bonds by V␣. These contacts are mediated by 8 V␤ and 4 V␣ residues and involve 15 MHC residues, of which 10 are contacted by RA14 and -7 by C7 ( Table 2) .
Of the total buried surface on HLA-A2, excluding NLV, CDR1␣, CDR2␣ and CDR3␣ contribute 18%, 13%, and 6%, respectively, compared with 1%, 37%, and 28%, respectively, for CDR1␤, CDR2␤ and CDR3␤. Hence, CDR2␤ of TCR C25 accounts for more of the binding interface with MHC than any other CDR. The unusually large contribution of CDR2␤ to the C25-HLA-A2 interface (37%) is highlighted by a comparison with 34 other TCR-pMHC class I structures, in which CDR2␤ accounts for an average of only 12% of buried surface (15) . In particular, CDR2␤ contributes 16% to the buried surface on HLA-A2 in the RA14⅐NLV⅐HLA-A2 complex (27) and 24% in the C7⅐NLV⅐HLA-A2 complex. Residues Asn-50␤, Glu-52␤, and Gln-55␤ of CDR2␤ form a dense network of five sidechain-side-chain hydrogen bonds linking C25 to residues Arg-65, Gln-72, and Arg-75 of the HLA-A2 ␣1 helix ( Table 2 ; Fig.  4A ). These polar interactions are reinforced by 56 hydrophobic contacts that further anchor CDR2␤ to the ␣1 helix.
Interestingly, the HLA-B-restricted EBV-specific TCR LC13 (23) utilizes nearly the same V␣/V␤ gene pair (TRAV26 -2/ 
where F c is the calculated structure factor. R free is as for R work but calculated for a randomly selected 5.0% of reflections not included in the refinement. TRBV7-8) as C25 (TRAV26 -2/TRBV7-6), resulting in the same CDR1␣, CDR2␣, and CDR1␤, and a very similar CDR2␤. Moreover, LC13 mediates similar germ-line-encoded interactions with MHC as C25, in agreement with the hypothesis that the canonical diagonal docking orientation of TCR on MHC observed in TCR-pMHC complexes is at least partly the result of co-evolution of TCR and MHC molecules (48, 49) . Thus, Tyr-31␣, Gln-50␤ and Glu-52␤ of LC13 make hydrogen bonds with Arg-151H, Gln-72H, and Arg-75H, respectively, of HLA-B (23). The C25⅐NLV⅐HLA-A2 complex contains structurally equivalent hydrogen bonds: C25 Tyr-31␣ OH-O His-151H HLA-A2, C25 Asn-50␤ N␦2-O⑀1 Gln-72H HLA-A2, and C25 Glu-52␤ O⑀2-N1 Arg-75H HLA-A2 (Table 2 ). However, LC13 and C25 have unrelated CDR3 sequences, which explains their different specificities. TCR C25 contacts the HLA-A2 ␣2 helix through CDR1␣ and CDR2␣ ( Table 2 ; Fig. 3A ). In particular, the side chain of CDR1␣ Tyr-31 binds to a site formed by HLA-A2 ␣2 residues Ala-150H and His-151H (Fig. 4B) , in a manner resembling that observed for other MHC class I-restricted TCRs bearing a CDR1␣ Tyr/Phe31 motif (49) . In sharp contrast to RA14 (27) and C7, whose CDR3␣ and CDR3␤ loops interact extensively with HLA-A2, the CDR3 loops of C25 do not engage MHC, except for some minor contacts involving CDR3␤ (Table 2) . Therefore, MHC recognition by C25 is almost exclusively germ-line-encoded.
Peptide Recognition by TCR C25-Excluding several contacts between CDR1␣ Thr30 and P4 Pro of NLV, all interactions between C25 and the CMV peptide are mediated by the somatically generated CDR3 loops, with CDR3␣ and CDR3␤ accounting for 16 and 29 contacts, respectively. Peptide specificity is conferred mainly by shape complementarity, since the C25-NLV interface includes only two hydrogen bonds: C25 Thr-100␤ O␥1-O P5 Met and C25 Thr-100␤ ⌵-O P6 Val (Table  3 ; Fig. 4C ). C25 engages nearly all solvent-exposed NLV residues (P4 Pro, P5 Met, P6 Val, P7 Ala, P8 Thr), but the principal focus is on P5 Met, at the center of the MHC-bound peptide, which alone accounts for 50% of all contacts with TCR ( Fig. 5A ). The CDR3 loops of C25 form a hydrophobic pocket that accommodates the side chain of P5 Met (Fig. 4C) . The conformation of CDR3␣ is stabilized by eight main-chain-side-chain hydrogen bonds within the Asp-91-Asn-92-Asn-93-Asn-94 -Asp-95-Met-96 (DNNNDM) motif at the tip of this loop (Fig.  4D ), suggesting very restricted CDR3␣ flexibility. The C25- 
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NLV interface is more dominated by nonpolar interactions than the RA14-NLV or C7-NLV interface, both of which include multiple hydrogen bonds to P8 Thr at the NLV C terminus that are not made by C25 (Table 3 , Fig. 5, B and C) . Indeed, C25 makes only one van der Waals contact with P8 Thr and, unlike RA14 or C7, does not engage N-terminal NLV residues Asn P1 and Val P3 at all (Fig. 5A) . Thus, C25 is more focused on the central portion of NLV, comprising residues P4-P7, than are RA14 and C7.
A recent analysis of human TCRs specific for NLV⅐HLA-A2 (297 sequences) revealed that the CDR3␣ sequence used by C25, DNNNDM, is a public CDR3␣ motif (XNNNDM, where X is variable) that is expressed by 11% of all responses across multiple donors (12) . Importantly, this prevalence is second only to the 14% prevalence of the public CDR3␣ motif used by RA14 and G7 (GNQF). The XNNNDM public CDR3␣ motif may be associated with several different V␣ gene segments, including TRAV26 -2 (C25), TRAV18, and TRAV24 (12, 13, 16 ). Assum-ing that TCRs expressing the XNNNDM CDR3␣ motif dock similarly onto the NLV⅐HLA-A2 ligand, as suggested by the apparent rigidity of CDR3␣ in the C25⅐NLV⅐HLA-A2 structure (Fig. 4D ), this diversity of V␣ regions is explained, at least in part, by the paucity of contacts between the CDR1␣ and CDR2␣ loops of C25 and HLA-A2 and by the conservation of key contacting residues, notably CDR1␣ Tyr-31 (Fig. 4B ), among these V␣ segments.
To further examine the structural basis for TRAV18 and TRAV24 TCRs interacting with NLV⅐HLA-A2 with the public XNNNDM CDR3␣ motif, we modeled the NLV⅐HLA-A2 recognition for two previously described TCRs: RA11 (16) , which utilizes TRAV18 and TRBV27 germ-line genes, and the CDR3␣ sequence of AFPYNNNDMR, and E4.1 (12) , which utilizes TRAV24 and TRBV27 germ-line genes, and identical CDR3␣ and CDR3␤ sequences as RA11. Analysis of top-ranked flexible docking predictions identified E4.1-NLV⅐HLA-A2 and RA11-NLV⅐HLA-A2 complex models with shared pMHC docking orientations (Fig. 6A) , which is a strong possibility given their shared ␤ chain and CDR3␣ sequences. With crossing angles (45) of 51°and 50°, respectively, they are approximately halfway between the pMHC crossing angles of the RA14 and C25 TCRs. The modeled RA11 CDR3␣ loop (Fig. 6B ) supports the conserved structure of the XNNNDM motif as well as its position over the NLV peptide with respect to the C25 TCR (2.0 Å backbone r.m.s.d. between NNNDM residues after superposition of pMHC) despite the different CDR3␣ loop length, TRAV germline, and TCR ␤ chain. The RA11-NLV⅐HLA-A2 model also features a hydrophobic network including residues Tyr-31␣, Tyr-100␤, and P5 Met that is analogous to a hydrophobic region in the C7⅐NLV⅐HLA-A2 complex structure (Fig. 6C) ; this shows a possible structural basis for the public CDR3␤ sequence ASSLEGYTEAF and its interaction with NLV⅐HLA-A2. Although there is a minor shift in the docking position of the TCR ␣ chain in the E4.1 model with respect to the C7 and RA11 TCR complexes with NLV⅐HLA-A2 (possibly due to the distinct CDR3␣ and ␤ chain), key features of the TRAV24 germ-line-mediated pMHC interactions, such as Tyr-31␣ side chain position (Fig. 6D) , are generally conserved.
The CDR3␤ sequence of TCR C25 (SLAPGTTNEKL) is nearly identical to that of RA16 (SLAPGATNEKL) (16) and, therefore, defines a new public CDR3␤ motif. Hence, C25 belongs to the category of HCMV NLV-specific TCRs, comprising 38% of the total repertoire analyzed to date, which is characterized by usage of both CDR3␣ and CDR3␤ public motifs (12) . In addition, C25 and RA16 use the same V␤ segment (TRBV7-6).
Interaction of TCR C7 with HLA-A2-The C7⅐NLV⅐HLA-A2 complex buries a total solvent-accessible surface of 2103 Å 2 , significantly more than the C25⅐NLV⅐HLA-A2 complex (1857 A 2 ). Unlike the C25⅐NLV⅐HLA-A2 complex, in which V␤ is dominant, V␣ of C25 contributes more than V␤ to the buried surface: 559 A 2 (55%) versus 463 A 2 (45%). TCR C7 uses the same V␣ region as RA14 (TRAV24) and has a nearly identical CDR3␣ sequence, ITGNQF, compared with NTGNQF for RA14, a public CDR3␣ motif (12, 16) . However, these two TCRs use unrelated V␤ regions (TRBV7-2 for C7; TRBV6 -5 for RA14) and CDR3␤ sequences (SQTQLWETQ for C7; SPVTG- GIYGY for RA14). Because the CDR3␤ sequence of C7 has not been identified as a public CDR3␤ motif, C7 belongs to the category of NLV-specific TCRs, comprising 34% of the total repertoire characterized so far, that uses either CDR3␣ or CDR3␤ public motifs but not both (12) . As expected based on usage of the same V␣ region, the overall docking topology of the C7⅐NLV⅐HLA-A2 complex is similar to that of the RA14⅐ NLV⅐HLA-A2 complex (27) , with crossing angles of TCR to pMHC (45) of 29 o and 39 o , respectively (Fig. 3B ). However, the detailed interactions with HLA-A2 made by C7 and RA14 differ considerably, even for the shared V␣ chain ( Table 2) .
The C7-HLA-A2 interaction involves all six CDRs except CDR1␤ ( Table 2 ). Like RA14 (27) , C7 employs CDR1␣, CDR3␣, and CDR2␤ to recognize the HLA-A2 ␣1 helix, with V␣ contributing many more contacts than V␤, as well as three out of four hydrogen bonds: C7 Asn-29␣ N␦2-O␦2 Glu-63H HLA-A2, C7 Asn-29␣ O␦1-N Lys-66H HLA-A2, and C7 Asn-96 N␦2-O⑀1 Gln-72H HLA-A2 (Fig. 7A) . Although the first two of these hydrogen bonds are absent from the RA14⅐NLV⅐HLA-A2 structure (Table 2) , both C7 and RA14 interact extensively with the HLA-A2 ␣1 helix through CDR3␣ Gly-95 and Asn-96, which constitute the core of the XTGNQF public CDR3␣ motif (12) . However, the specific interactions made by these two residues differ in the C7⅐NLV⅐HLA-A2 and RA14⅐NLV⅐HLA-A2 complexes ( Table 2 ) due to differences in CDR3␣ loop conformation, as described later. C7 engages the HLA-A2 ␣2 helix through CDR1␣, CDR2␣, and CDR3␤. A side-chain-mainchain hydrogen bond (C7 Trp-100␤ N⑀1-O Ala-150H HLA-A2), not present in the RA14⅐NLV⅐HLA-A2 complex ( Table 2) , provides additional stabilization (Fig. 7B) .
Peptide Recognition by TCR C7-TCR C7 binds the NLV peptide through CDR1␣, CDR3␣, and CDR3␤ via five hydrogen bonds (Table 3 ). Like RA14, C7 engages nearly all solvent-exposed NLV residues (P1 Asn, P4 Pro, P5 Met, P6 Val, P7 Ala, P8 Thr), thereby burying 314 Å 2 of surface at the C7-NLV interface and enabling maximum readout of the peptide sequence (Fig.  7C ). Unlike C25, C7 interacts extensively with both N-and C-terminal residues of NLV, especially P8 Thr (Fig. 5, A and C) . P4 Pro is wedged between the side chains of CDR1␣ Asn-29 and Tyr-31, with which it establishes multiple hydrophobic contacts (Fig. 7C) . The side chain of P5 Met alone accounts for 36% of all contacts with C7, mainly through CDR1␣ and CDR3␣ (Fig. 7D ). In addition to extensive hydrophobic interactions with CDR1␣ Tyr-31, CDR3␣ Asn-96, and CDR3␤ Trp-100, P5 Met forms a hydrogen bond through its sulfur atom with the main-chain nitrogen of CDR3␣ Asn-96. This hydrogen bond is conserved in the RA14⅐NLV⅐HLA-A2 complex ( Table 3) . Four additional hydrogen bonds reinforce the C7-NLV interaction: C7 Asn-29␣ O␦1-N␦2 P1 Asn, C7 Gly-95␣ N-O P4 Pro, C7 Gln-98␤ O⑀1-N P8 Thr, and C7 Gln-98␤ O⑀1-O␥1 P8 Thr. Therefore, although P5 Met appears to be the most critical peptide residue for TCR recognition, P1 Asn, P4 Pro, and P8 Thr also have important roles.
Influence of CDR3␤ on CDR3␣ Loop Conformation in TCR C7-Because TCRs C7 and RA14 employ identical V␣ chains (except for a single amino acid difference, CDR3␣ Ile/Asn-93) to bind identical pMHC ligands, one might have expected the V␣ CDR loops to have the same, or at least very similar, conformations in the C7⅐NLV⅐HLA-A2 and RA14⅐NLV⅐HLA-A2 structures. Indeed, CDR1␣ and CDR2␣ display nearly the same conformation in the two complexes: r.m.s.d. in ␣-carbon positions of 1.0 Å and 1.3 Å for residues SSNFY of CDR1␣ and TLNGD of CDR2␣, respectively (Fig. 3B) . By contrast, CDR3␣ adopts different conformations in TCRs C7 and RA14, with an r.m.s.d. in ␣-carbon positions of 2.3 Å for residues TGNQ. As a result, CDR3␣ engages pMHC through a somewhat different set of contacts in the C7⅐NLV⅐HLA-A2 and RA14⅐NLV⅐HLA-A2 complexes (Tables 2 and 3 ).
The different conformations of CDR3␣ observed in C7 and RA14 are attributable to the CDR3␤ loops of these TCRs, which differ in both sequence and length (SQTQLWETQ for C7; SPVTGGIYGY for RA14). These structural differences in CDR3␤ are transmitted to CDR3␣ via interactions between these loops in the TCR binding site. In RA14, the tip of CDR3␤ points toward CDR3␣, with which it makes several van der Waals contacts and a main-chain-side-chain hydrogen bond (CDR3␤ Gly-98 N-O␦1 Asn-96 CDR3␣) (Fig. 8) . These interactions, which are absent in C7 due to an unrelated CDR3␤ structure, effectively draw CDR3␣ toward CDR3␤ in RA14, resulting FIGURE 7 . Interactions of TCR C7 with HLA-A2 and the NLV peptide. A, interactions of CDR1␣, CDR3␣, and CDR2␤ with the HLA-A2 ␣1 helix. The side chains of contacting residues are drawn in stick representation with carbon atoms in cyan (CDR1␣ and CDR3␣), green (CDR2␤), or orange (HLA-A2), nitrogen atoms in blue, and oxygen atoms in red. Hydrogen bonds are indicated by red dashed lines. B, interactions of CDR1␣, CDR2␣, and CDR3␤ with the HLA-A2 ␣2 helix. The side chains of contacting residues are drawn with carbon atoms in cyan (CDR1␣ and CDR2␣), green (CDR3␤), or orange (HLA-A2). C, interactions of CDR1␣, CDR3␣, and CDR3␤ with the NLV peptide. The side chains of contacting residues are drawn with carbon atoms in cyan (CDR1␣ and CDR3␣), green (CDR3␤), or magenta (NLV). D, close-up of interactions between C7 and P5 Met.
in displacement of 2.8 Å in the ␣-carbon position of CDR3␣ Asn-96 relative to its position in C7.
Discussion
Previous structural studies of TCR recognition of immunodominant viral epitopes presented by MHC class I molecules have focused mainly on EBV (23) (24) (25) (26) . Most notably, a comparison of three public TCRs in complex with a bulged EBV peptide presented by HLA-B8 revealed two distinct binding modes: one in which the TCR straddles the bulged peptide but makes few contacts with MHC and one in which the TCR is positioned toward the N-terminal end of the HLA-B8 peptide binding groove, thereby bypassing the bulged peptide (26) . By contrast to EBV, knowledge of TCR recognition of CMV has so far been limited to the RA14⅐NLV⅐HLA-A2 complex (27) . Structural information on how different TCRs are able to bind the same pMHC ligand is particularly relevant in light of a growing appreciation for the surprising diversity of public TCR responses to certain viral epitopes revealed by powerful new technologies for T cell repertoire analysis (9 -14, 21) .
In the case of the CMV NLV-specific TCR response, seven public CDR3␣ and seven public CDR3␤ motifs have so far been identified (12, 13, 16) , including one additional public CDR3␤ motif reported here. Although public CDR3␣ motifs often pair with public CDR3␤ motifs, pairings between public and private CDR3␣/CDR3␤ motifs occur with equal frequency. Furthermore, even among NLV-specific TCRs expressing dual public CDR3␣/CDR3␤ motifs, the same public CDR3␣ motif may pair with different public CDR3␤ motifs (and the reverse). Importantly, this striking flexibility of CDR3␣/CDR3␤ pairing is not unique to NLV-specific TCRs, as it has now also been documented among TCRs specific for the influenza NP 366 epitope (50), which had previously been thought to elicit a narrow TCR repertoire comprising only a few clonotypes (51) .
A comparison of the C7⅐NLV⅐HLA-A2 and RA14⅐NLV⅐HLA-A2 (27) structures illustrates how the same public CDR3␣ motif (XTGNQF) can pair with two unrelated CDR3␤ motifs, one private (SQTQLWETQ for C7) and the other public (SPVTG-GIYGY for RA14) yet still maintain high affinity recognition of NLV⅐HLA-A2 (K D ϭ 5.1 M for C7; 28 M for RA14). We have shown that CDR3␣ adopts different conformations in C7 and RA14 to accommodate large structural differences in CDR3␤, which abuts CDR3␣ in the TCR binding site. Nevertheless, CDR3␣ maintains key interactions with the HLA-A2 ␣1 helix and P5 Met of NLV via Gly-95␣ and Asn-96␣, which form the core of the XTGNQF CDR3␣ motif. As a result, the common V␣ domains of C7 and RA14 are able to dock in almost the same way on NLV⅐HLA-A2 despite their association with totally different V␤ domains in the TCR heterodimer. Similar considerations likely apply to the accommodation of various other CDR3␤ sequences that have been found to pair with the XTGNQF CDR3␣ motif (12, 13, 16) . More generally, our study shows how the malleability of protein-protein interfaces permits preservation of function (in this case, pMHC specificity) through accommodation of structural changes in the binding partners.
TCR C25 employs a different solution to binding NLV⅐ HLA-A2 than C7, yet one giving an essentially identical K D : 4.7 M for C25 versus 5.1 M for C7. These relatively high affinities support an antigen-driven selection process for both public TCRs. However, unlike C7, whose V␣ domain contributes more buried surface to the interface with pMHC than V␤ (55 and 45%, respectively), the opposite is true for C25 (V␣, 40%; V␤, 60%). In addition, the C25⅐NLV⅐HLA-A2 and C7⅐NLV⅐ HLA-A2 complexes are characterized by crossing angles of 61 o and 29 o , respectively, resulting in divergent TCR footprints on pMHC. The more acute crossing angle of C7 enables this TCR to contact both N and C termini of the NLV peptide, whereas C25 is decidedly more focused on the peptide center, primarily P5 Met.
The public CDR3␣ motif of TCR C25 (XNNNDM) has been shown to pair with multiple public and private CDR3␤ motifs that vary in both sequence and length, including SISDLAKNIQ, QLQGHTEA, SVSDVANTEA, SLEGYTEA, and SLAPGAT-NEKL (12, 13, 16) . In the C25⅐NLV⅐HLA-A2 complex, CDR3␣ is rigidified by eight intraloop hydrogen bonds, making it improbable that this loop can alter its conformation substantially to accommodate different CDR3␤ structures, as observed for CDR3␣ of C7. Instead, CDR3␤ loops must likely adapt to CDR3␣ in NLV-specific TCRs bearing the XNNNDM CDR3␣ motif. It is intriguing that this motif occurs in the context of varying CDR3␣ lengths (e.g. DNNNDM for C25 and PYN-NNDM for RA11 and E4.1), though our modeling of the RA11-NLV⅐HLA-A2 and E4.1-NLV⅐HLA-A2 complexes demonstrates that, in principle, the structure and pMHC interactions of this motif can be conserved.
CMV was recently shown to boost the immune response of young, healthy individuals to influenza (52) . Similarly, mice infected with CMV were found to be resistant to infection with the bacterial pathogens Listeria monocytogenes and Yersinia pestis (53) These and related observations have led to the hypothesis that the ubiquity of CMV infection in human and Conformation of CDR3␣ and CDR3␤ loops in superposed C7⅐NLV⅐HLA-A2 and RA14⅐NLV⅐HLA-A2 complexes (pink, TCR C7; cyan, C7-bound NLV⅐HLA-A2; green, TCR RA14; orange, RA14-bound NLV⅐HLA-A2). In RA14, but not in C7, the tip of CDR3␤ points toward CDR3␣, resulting in interactions that draw CDR3␣ close to CDR3␤ in RA14. These interactions are absent in C7, whose CDR3␤ sequence (SQTQLWETQ) is unrelated to that of RA14 (SPVTGGIYGY). many other species reflects a mutualistic symbiosis that confers benefits on the host (54) . Although the mechanisms underlying CMV-mediated cross-protection are unclear, one possibility is that TCRs specific for NLV or other CMV epitopes cross-react with epitopes from other pathogens (52) . Indeed, a degree of cross-reactivity of CD8 ϩ T cell epitopes between CMV and influenza has been reported (55) . The known promiscuity of TCRs (56) , whereby a single receptor can recognize many different peptides, coupled with the structural diversity of CMV NLV-specific TCRs described here, further support the idea of cross-reactivity as a possible mechanism to help explain CMVmediated heterologous immunity to influenza and other microbial pathogens.
